A series of activated carbons with varied surface chemistry, obtained by wet oxidation and thermal treatment, was used for the removal of penicillin from low concentration aqueous solution. It was found that the carbon surface chemistry favors the degradation of the antibiotic, giving rise to various intermediates detected both in solution and in the adsorbed phase (deposited with the pore structure of the activated carbons). The confinement of penicillin molecules entrapped in the nanopores of activated carbons of acidic nature accelerates their degradation compared to that one in the bulk solution, which can be linked the strong local pH fall inside the pores. Degradation also takes place in activated carbons of basic pH, although the nature and partition of the intermediates formed differ from those in the acidic carbons. In both cases most of the breakdown products do not present therapeutic activity.
Introduction
Since water is an essential resource for life in all ecosystems, a great effort has been made in the past decades to modify the water sector technologies in order to ensure a sustainable management of its resources while protecting their quality. Particularly, special attention is being paid to the potential environmental and public health impact associated to the occurrence of a new threat to water supplies: the so-called emergent pollutants, originated from consumer products and by products used in industrial, agricultural, and human activities (including prescription and non-prescription human and veterinary pharmaceutical compounds and personal care products among most representatives) [Kolpin, 2002; Daughton, 1999; Jones, 2005] .
Pharmaceuticals pose a huge risk as they are continually introduced in the environment at trace level due to their high worldwide consumption. Since a considerable amount of the dose taken is not absorbed by the body, a variety of these chemicals -including painkillers, tranquilizers, anti-depressants, antibiotics, birth control pills, chemotherapy agents, etc.,-are finding their way into the environment via human and animal excreta, from disposal into the sewage system, and from landfill leachate that may impact groundwater supplies. However, little is known about the occurrence, fate, synergistic, and long-term effects of these pollutants and their metabolites following their end-use [Hernando, 2006; Al-Ahmad, 1999; Gomez, 2007] . Control of this kind of pollution is very difficult due to the diversity of sources. Conventional wastewater treatments are not always effective to eliminate and/or degrade the majority of pharmaceutical compounds, which have been found to accumulate in drinking water [Hernando, 2006; Al-Ahmad, 1999; Gomez, 2007; Li, 2008] . The enormous diversity of chemical composition of these pollutants in waters requires special treatment technologies for water decontamination, in order to improve the quality of water and treated wastewater before promoting its reutilization.
Adsorption is a well-established and highly efficient technology for wastewater remediation. Among the different adsorbents, activated carbon is commonly used for the purification of water with low pollutant concentrations. Its well developed porous structure is responsible for physical adsorption, whereas the variety of its surface chemistry allows specific interactions to take place for a given adsorbate/adsorbent system [Bandosz and Ania, 2006] . Driven by the possibility to synthesize carbon materials with controlled structure and chemical features, their use for the removal of pharmaceuticals offers an interesting and simple tool to deal with this new environmental challenge [Chaubal, 2004; Ania, 2005; Aksu, 2005; Robberson, 2006; Mestre, 2007; Choi, 2008; Ruiz, 2010] .
In this paper, we report the removal of a pharmaceutical compound (i.e. penicillin) which is largely used in modern industrial livestock operations and human medicine.
Particularly large concentrations are used on livestock and poultry farms (where antibiotics typically are fed to healthy animals for disease prevention, long before the diagnosis), which generate an enormous amount of wastewater often containing undigested antibiotics. It is estimated that as much as 80-90% of all antibiotics given to humans and animals are not fully broken down and eventually pass through, thus being released into the environment.
The aim of this study is to investigate the reactive adsorption of penicillin on modified carbons. The results are analyzed in terms of the composition of the adsorbent and the solution conditions. To attain this goal, a series of carbons with varied surface chemistry -by incorporating oxygen functionalities via wet oxidation and controlled thermal removal of selected groups-was synthesized and their performance towards penicillin removal from unbuffered aqueous solutions was investigated. The stability of penicillin during the adsorption process was explored, and knowledge of the reactive adsorption mechanism that occurs on the carbon surface, particularly the role of the activated carbon features (porosity and composition) was gained. For clarity, the structural formula and selected chemical properties of penicillin G are shown in Figure 1 . Unless otherwise stated, all penicillin solutions were prepared in distilled water without pH adjustment, presenting values of pH around 6.
Experimental

Materials
Characterization of the activated carbons
Textural characterization was carried out by measuring the N 2 adsorption isotherms at -196 °C. Before the experiments, the samples were outgassed under vacuum at 120 °C overnight. The N 2 isotherms were used to calculate the specific surface area, S BET , total pore volume, V T , and pore size distributions which were evaluated by means of the DFT method using a slit pore geometry.
The point of zero charge (pH PZC ), which provides information about the acidity/basicity of the carbons, was measured using a modification of the mass-titration method by Noh and Schwarz (1989 Thermal analysis was carried out using a thermogravimetric analyzer from Setaram.
Experiments were carried out under an argon flow rate of 50 cm 3 min -1 , at a heating rate of 10 ºC min -1 , up to a final temperature of 900 ºC. For each experiment, about 25 mg of a carbon sample was used. A custom made device for TPD-MS was also used to evaluate the surface chemistry. The samples were heated in a silica fused reactor up to 900 ºC at a heating rate of 10 ºC min -1 . The analysis was done under high vacuum conditions (below 10 -5 mbar) and the gas phase was continuously monitored by a mass spectrometer. The amount of CO and CO 2 evolved during the TPD experiments were quantified. The oxygen content was evaluated by direct analysis in a LECO CTF-900 analyzer on the dried carbons.
Penicillin adsorption from solution
Penicillin (PEN) adsorption was carried out from unbuffered solutions (ca. pH 6 units) of initial concentration ranging from 5-100 mg l -1 . All the solutions were prepared with ultra-pure water obtained from Milli-Q water purification systems. The stability of penicillin in solution was initially evaluated at different pH (ca. 2, 6 and 10) by monitoring the evolution of the UV spectrum with time. The PEN breakdown in solution was evaluated from the rate of formation of the 320 nm absorption peak, arising from the spontaneous splitting of the beta-lactam ring to render penicillenic acid (PENI), a tautomeric form of penicillin [De Weck, 1960] .
To study the adsorption kinetics, 100 ml of PEN solution ( 
RESULTS AND DISCUSSION
Materials Characterization
Nitrogen adsorption isotherms obtained for the four carbons are presented in Figure 2 , along with the main textural parameters (inset) therein calculated. After oxidation (sample WO), a decrease in the surface area and pore volume was observed as a result of the destruction of some thin pore walls and/or the blocking of the pore entrances by oxygen functional groups. Annealing at mild temperature (sample WOH450) did not cause significant changes in the porosity of the oxidized WO carbon, since the nitrogen adsorption isotherms of both samples practically superimpose in the whole range of relative pressures (Figure 2 ). Only a small increase in the micropore volume of WOH450 (compared to carbon WO) was obtained, which might be due to the partial removal of the oxygen functional groups located at the pore entrances. In contrast, annealing at higher temperature (i.e., 700ºC) provoked a slight collapse of the carbon structure caused by the evolution of a large amount of volatiles (decomposition of surface groups). As result, the surface area and pore volumes of sample WOH700 decreased.
This modification in the porosity seen by N 2 probe was accompanied by a slight increase in the population of narrow micropores determined by CO 2 adsorption at 273 K (data non shown). This effect was more visible for WOH700 and can be linked to the formation of pores (or opening of the existing ones) during the thermal treatment (ca. a kind of internal gasification during the evolution of CO and CO 2 coming from the decomposition of the surface functionalities of the carbon matrix).
The effect of oxidation and thermal annealing on surface chemistry is much more pronounced. The changes in the amount of oxygen groups were evaluated by elemental analysis, determination of the point of zero charge, and by quantification of the thermodesorbed species by TPD-MS (Figure 3) . The results are summarized in Table 1 .
As expected, nitric acid oxidation caused a significant increase in the amount of carboxylic acids (as CO 2 -evolving groups below 400ºC), carboxylic anhydrides (CO and CO 2 at temperatures close to 500ºC), lactones (CO 2 appearing at about 600ºC) and phenols and carbonyl/quinones (CO at 700 and 800ºC, respectively) [Figueiredo, 1999; Bandosz and Ania, 2006] . The almost negligible intensity of the m/z 30 signal corresponding to the eventual decomposition of N-containing groups as NO x , confirmed that only oxygen-containing surface functionalities were created upon nitric acid oxidation. Certain amounts of CO 2 releasing groups were also detected in raw carbon W, as it is synthesized by phosphoric acid activation. Annealing at 450 ºC removed the acidic groups (CO 2 -releasing functionalities) whereas after the treatment at higher temperatures only the phenolic and quinone-type groups were desorbed from the carbon surface. Only small amounts of CO-releasing groups being detected at temperatures above 700 ºC.
These data is in good agreement with the increased acidic character of WO (Table 1 ) and the increase in the pH PZC with the temperature of the thermal treatment. As a result of the latter the annealed carbon exhibits surface hydrophobicity (pH PZC ca. 9.2).
Stability of penicillin in solution
Since it is known that penicillin aqueous solutions might decompose under certain conditions [Schwartz, 1965; Arnott, 1995; Gover, 1983] , its stability was investigated ( Figure 4A ). PEN degradation with time was observed to occur to a small extent in the stock aqueous solution (pH ca. 6.5 units) with the appearance of the strong absorption band at 320 nm (inset in Figure 4 ) characteristic of penicillenic acid (PENI).
Notwithstanding the kinetics of formation of PENI seemed to be rather slow, with a gradual and small increase in the 320 nm absorbance with time for 5 days. Thereafter, the intensity of this absorption peak decreased steadily (suggesting further hydrolysis of PENI) until it stabilized, likely due to the formation of penicillenic acid disulfide (which is stable at pH∼6-7 units) [Arnott, 1995] . The PEN breakdown to PENI in the solution at neutral pH accounted for a loss lower than 3 % after 72 hours (inset Figure 4 A ).
Penicillin adsorption from solution
The adsorption ability of the carbons for the retention of penicillin was determined by kinetic experiments ( with carbons W and WO, which according to the literature can be assigned to penillic and penilloic acids [Schwartz, 1965; Arnott, 1995; Gover, 1983] . Moreover, the characteristic band of PENI at 320 nm was detected after contact with all the carbons. The intensities of all these bands were higher in the case of WOH450 and WOH700.
Data in Figure 5 A represents the rate of penicillin disappearance from solution, which cannot be stricto senso considered as the rate of adsorption due to conversion of PEN into other intermediates. In any case, the rate of penicillin removal was found to reach equilibrium after 48-72 hours regardless the nature of the carbon adsorbent, with most of the uptake within the first 24 hours. The rapid adsorption is attributed to the presence of a large network of a transport pores (mesopores) in all the samples. Moreover, no significant changes were observed in the kinetics of adsorption rate after modification of the carbons (oxidation vs thermal annealing), although a somewhat faster kinetics was observed for sample WOH450, likely due to its larger mesopores volume. These results suggest that although some interactions might occur between the oxygen surface groups and the moieties of penicillin, these do not seem to affect the adsorption rate. The fast kinetics also indicates that accessibility restrictions do not apply, which is in good agreement with the molecular dimensions of penicillin (ca. 0.9 x 0.5 x 0.5 nm, estimated from ChemSketch software after 3D optimization) and the fact that the porosity of all the studied carbons is comprised of large micropores (mean micropore size ca. 1.8 nm).
Analysis of the solution after penicillin adsorption on the different carbons by HPLC confirmed the presence of three different compounds in the solution, which abundance appeared to be related to the polarity of carbons (Figure 5 B) . In fact, hydrophilic W and WO (both display low pH PZC ) favor the degradation of PEN with relatively large amounts of intermediates (mostly penillic and penilloic acids) detected in the solution, whereas a much smaller amount of intermediates was measured for WOH700 and WOH450 which are less polar and thus more hydrophobic. Evaluation of the net amount of penicillin adsorbed on the activated carbons is complex, since the breakdown mechanism of this compound proceeds through various independent and simultaneous pathways. However, a rough estimation of the net efficiency for penicillin removal can be made by considering the amount of penicillin transferred from the solution to the adsorbent ( Figure 5A ), after subtracting the total amount of intermediates detected in solution ( Figure 5B ). The obtained value follows the sequence: WOH700>WOH450>W>WO, showing a increasing trend with the hydrophobic character of the activated carbons.
From a qualitative point of view, these observations are in agreement with the proposed PEN degradation pathway in aqueous solution upon pH [Schwartz, 1965; Arnott, 1995; Gover, 1983; Deshpande, 2004] . The breakdown of penicillin to PENI has been reported to be favored in acidic medium, although under these conditions PENI is also unstable and rapidly decomposes to penilloic or penillic acids. At alkaline pH, on the other hand, PEN and PENI are both converted initially to penilloic acid (through formation of penicilloic and further decarboxylation).
Quantitatively, the amount of degradation intermediates detected in the solution after contact with the carbons is smaller than that corresponding to PEN breakdown exclusively due to the pH effect. This seems reasonable as it is expected that some of the degradation compounds will also be adsorbed in the pores of the activated carbons. To corroborate this possibility, aliquots of the carbons after penicillin adsorption were extracted in acetonitrile (solvent chosen to prevent further degradation of penicillin or its derivatives during the extraction) [Moats and Romanowski, 1998 ] and analyzed by HPLC. The results confirmed the above hypothesis that along with penicillin, the degradation intermediates are also adsorbed on the surface activated carbons (Figure 6 ).
It appears that the confinement of pencillin molecules entrapped in the nanopores of the activated carbons and thus the contact with carbon surface accelerates their breakdown, if compared to penicillin degradation occurring in the bulk solution. This breakdown is more remarkable for the carbons of hydrophilic nature (W and WO), and it could be likely a result of the strong local pH fall inside the small pores of the carbonaceous adsorbents. In other words, by utilizing the pores of the carbon materials as some kind of nanoreactor, the acid-base enhanced degradation of penicillin is intensified and thus its breakdown (hydrolysis) is accelerated. The positive effect of confinement on catalytic reactions in the pores of nanometric dimensions have been recently reported [Zhou, 2008; Greaser, 2007] .
Interestingly, large amounts of penilloic acid were also identified in the extract of WOH700, confirming the alkaline degradation of PEN inside the pores of hydrophobic carbons (although at a larger extent than breakdown from solution at alkaline pH). Some other unknown compounds were also detected in the HPLC chromatograms, although at very low intensities, and might be the result of further degradation of penicillin and its derivatives [De Weck, 1960 ].
The existence of the variety of species adsorbed in the activated carbons after its exposure to penicillin was further confirmed by thermal analysis. DTG profiles are shown in Figure 7 , along with those of the initial carbons before adsorption. Besides the peak related to the removal of water (ca. 100 ºC) and the broad bands corresponding to the decomposition of the surface functionalities on each carbon (for W carbon also arising from thermal instability due to its low activation temperature), a single desorption peak centered between 200-400 ºC can be distinguished for all carbons exposed to PEN, regardless their chemical composition and acid/base character. It should correspond to the desorption of PEN and its degradation intermediates retained in the pores. Given the similarity in the chemical formulae of PEN and its intermediates, it is reasonable to expect that they are adsorbed on the same sites of the carbon materials (i.e, microporosity) and thus they desorb in similar temperature ranges.
The results also suggest that the chemical reactions between the adsorbed species and the adsorbent surface do not take place (chemisorption). On the contrary, the chemical degradation of PEN seems to be a favorable mechanism inside the pores of activated carbons, and the new compounds formed in the pores are readily adsorbed. It is worth to mention that those new compounds arising from the degradation of penicillin do not have the therapeutic activity of the antibiotic [Deshpande, 2004] , which is an important aspect for wastewater remediation.
Penicillin retention on activated carbons seems to take place following two different 
